Bone marrow fibrosis occurs in association with a number of pathological states. Despite the extensive fibrosis that sometimes characterizes renal osteodystrophy, little is known about the factors that contribute to marrow accumulation of fibrous tissue. Because circulating cytokines are elevated in uremia, possibly in response to elevated parathyroid hormone levels, we have examined bone biopsies from 21 patients with end-stage renal disease and secondary hyperparathyroidism. Bone sections were stained with antibodies to human interleukin1a (IL-1a), IL-6, IL-11, tumor necrosis factor-a (TNF-a) and transforming growth factor-ß (TGF-ß) using an undecalcified plastic embedding method. Intense staining for IL-1a, IL-6, TNF-a and TGF-ß was evident within the fibrotic tissue of the bone marrow while minimal IL-11 was detected. The extent of cytokine deposition corresponded to the severity of fibrosis, suggesting their possible involvement in the local regulation of the fibrotic response. Because immunoreactive TGF-ß and IL-6 were also detected in osteoblasts and osteocytes, we conclude that selective cytokine accumulation may have a role in modulating bone and marrow cell function in parathyroid-mediated uremic bone disease. 
Introduction
Bone marrow fibrosis occurs in pathological states that characterize idiopathic myelofibrosis (1, 2) and hyperparathyroid bone disease (3, 4) . While recent investigations have identified important constituents within fibrotic marrow in patients who have certain hematologic malignancies (2, (5) (6) (7) , little is known about the pathogenesis of marrow fibrosis that occurs in patients with renal osteodystrophy. Specifically, questions regarding fibrosis composition, its genesis and the potential role of parathyroid hormone (PTH) in the fibrous replacement of the marrow space remain to be answered.
As seen from studies of idiopathic myelofibrosis, growth factors and cytokines are believed to promote a marrow proliferative response and the accumulation of extracellular matrix proteins (2) . Whether these factors are also implicated in uremic bone disease is unknown. However, cytokines and locally derived growth factors have important roles in regulating normal bone metabolism (8, 9) and circulating levels of specific cytokines are elevated in renal failure (10, 11) . Cytokines specifically function as translators in the mixed population of cells that reside in the bone marrow and are particularly important in modulating the bone resorptive phase of the remodeling cycle (12) . Thus, the finding that PTH can stimulate selective cytokine synthesis (13) suggests that the hyperparathyroidism of renal failure may be a significant stimulus for cytokine accumulation in renal osteodystrophy.
The purpose of the present study was to determine whether specific cytokines are localized to the bone marrow stroma in dialysis patients with osteitis fibrosa.
Material and Methods

Patients
The study group consisted of 21 dialysis patients who had been previously submitted to an iliac crest bone biopsy for the investigation and treatment of high turnover bone disease. All these patients had clinical findings of bone disease such as unexplained bone and/or muscular pain and/or fractures and high (6-35-fold increase) plasma PTH levels. Written consent was obtained from all patients prior to the biopsy procedure.
Bone biopsies
The bone specimens were fixed in 70% ethanol and then dehydrated in graded ethanol prior to embedding in methyl-methacrylate (MMA). All patients were diagnosed with varying degrees of hyperparathyroidism and bone marrow fibrosis and graded as mild (N = 7), moderate (N = 7) and severe (N = 7) osteitis fibrosa.
Embedding
The infiltrated specimens were embedded in fresh MMA, dibutyl phthalate (3:1) and 2.5% benzoyl peroxide solution at 38ºC overnight. Five-micrometer sections were cut using a Leica RM 2155 microtome equipped with a disposable carbide steel knife. Adjacent sections were stained with Goldner trichrome (14) in order to establish the intensity of marrow fibrosis. Sections were then mounted on the slide with Haupts gelatin and deplasticized in fresh acetone for 12 h at room temperature.
Immunohistology
Sections were stained using a Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA, USA) following the manufacturers recommendations. The immunohistochemical procedure for plastic embedded bone samples has been previously described (15) . Briefly, the hydrated bone sections were treated with 3% hydrogen peroxide in 70% methanol in order to block the endogenous peroxidase. The sections were then incubated with the primary antibody for 12 h at 4ºC after the blockage of nonspecific sites with 20% normal serum from the same species of the secondary antibody.
Antibodies
The following antibodies were tested: rabbit polyclonal anti-human interleukin-1a (IL-1a, 1:400), anti-IL-6 (1:200), anti-tumor necrosis factor-a (TNF-a, 1:500), and goat polyclonal anti-human IL-11 (1:200) purchased from Sigma (St. Louis, MO, USA) and a mouse monoclonal anti-human transforming growth factor-ß (TGF-ß, 1:200) from Chemicon (Temecula, CA, USA). The antibodies were diluted in PBS containing 1% BSA. The primary antibody was detected by incubation with biotinylated secondary goat anti-rabbit IgG (1:200; Dako Corp., Carpinteria, CA, USA), whereas control sections were stained using PBS containing 1% BSA instead of the primary antibody. Peroxidase-conjugated avidin-biotin complex was allowed to react with the secondary antibody and the complexes were visualized after the addition of diaminobenzidine. Sections were rinsed in distilled water and counterstained with Mayer hematoxylin. Table 1 shows the clinical and biochemical characteristics of the patients with chronic renal failure and secondary hyperparathyroidism. Bone histology was defined by histomorphometric criteria previously described (3). Hyperparathyroid bone changes were mild in 7 patients, moderate in 7, and severe in 7, as indicated by increased rates of bone formation and increased numbers of osteoblasts and osteoclasts lining the bone surfaces (3). Serum PTH and alkaline phosphatase were highest in the group with the most severe form of osteitis fibrosa. Table 2 characterizes the cellular and extracellular location of immunoreactive cytokine accumulation. For all cytokines tested, except IL-11, abundant staining was present diffusely throughout most areas of fibrotic tissue. Mineralized bone and unmineralized osteoid did not stain for any of the cytokines. Figure 1 demonstrates the relative abundance of IL-1a (a), IL-6 (b), TGF-ß (c) and TNF-a (d) in the bone samples. Areas of non-fibrous marrow stroma were consistently negative stained for all tested cytokines (Figure 1a) and served also as internal negative control for the immunostaining procedure. Higher power micrographs showed positive osteoblast staining for IL-6 ( Figure 1b) and TGF-ß (Figure 1c) but not for TNF-a ( Figure  1d ). Osteocytes also stained positive for TGF-ß.
Results
While highly specific immunostaining was obtained in the fibrous marrow tissue of patients with osteitis fibrosa using each of the antisera for IL-1a, IL-6, IL-11, TNF-a and TGF-ß, the removal of any one of the Data are reported as mean ± SEM. * All patients had increased rates of bone formation and mild, moderate or severe amounts of marrow fibrosis. PTH = parathyroid hormone. immunostaining steps resulted in negative immunostaining of the fibrous marrow. Also, the application of nonimmune sera from animals which produced the same type of secondary antibody failed to stain the bone marrow fibrous stroma or cellular elements.
Discussion
We have shown that the bone marrow space of patients with secondary hyperparathyroidism shows significant accumulations of IL-1a, IL-6, TNF-a and TGF-ß within discrete areas of fibrosis. The protein staining was usually homogeneous for each cytokine, though occasionally there were areas of fibrosis with apparently higher concentrations of one or more cytokines. Except for IL-11, all of the cytokines tested were relatively equal in their expression at the protein level and, in general, the greater the fibrosis the more intense was the cytokine staining. Thus, patients with the highest circulating PTH levels had the largest amount of fibrosis and the most marrow space that was positive for cytokine accumulation.
We did not attempt to determine which cell type was responsible for cytokine production. As such, any of the marrow stromal elements could be responsible since macrophages, fibroblasts, megakaryocytes and endothelial cells are all capable of secreting one or more cytokines (16) . Regardless of the cell type responsible, it is clear that much of the immunoreactivity is localized to the extracellular matrix of the fibrotic areas, suggesting that these cytokines are able to bind certain extracellular matrix proteins. Thus, cytokine accumulation may represent a feed forward phenomenon where cells are stimulated to produce cytokines that stimulate cellular proliferation and matrix proteins which then bind and retain the bioactive cytokines. Alternatively, the elevated circulating levels of IL-6, IL-1a and TNF-a, which are present in dialysis patients (10,11) may result in a trapping phenomenon within the marrow fibrosis that leads to their accumulation. Because of the descriptive nature of our observation we cannot determine whether there is a causal relationship between cytokine expression and fibrotic response.
One major difference in cytokine expression was noted with respect to cellular localization within bone. Cytoplasmic staining within osteoblasts lining the bone surface was clearly positive for IL-6 and TGF-ß but not for the others. This response was more apparent in those patients whose serum PTH levels were the highest, suggesting that PTH may have had a stimulatory role. Consistent with this notion are several in vitro studies showing that PTH stimulates IL-6 (13, 17) and TGF-ß (18) synthesis in cultured osteoblasts. Interestingly, osteocytes within the mineralized matrix stained positive for TGF-ß only. This is the first report that demonstrates osteocyte immunoreactivity to TGF-ß and suggests that this cytokine may have a role in mediating the osteocytic regulation of osteoblast and osteoclast activity (19) .
Our observations suggest that the known stimulatory effect of PTH on osteoblast activity and bone turnover in renal osteodystrophy (3) may be mediated, in part, by its effect in stimulating TGF-ß and/or IL-6 production. Since osteoblasts produce and bind TGF-ß and IL-6 (20, 21) , both are likely to participate in the autocrine/paracrine control of bone remodeling. TGF-ß stimulates several extracellular matrix proteins, such as fibronectin, type I collagen, and osteopontin, which are required for normal bone mineralization. IL-6, in contrast, acts primarily on the osteoclast by an effect that promotes its differentiation and enhance bone resorption (22) . In addition to the stimulatory effect of PTH, TNF-a (21) and IL-1a (23) also stimulate osteoblast production of IL-6. Thus, while a complex interplay between each cytokine is likely to occur as they potentially modulate bone remodeling in this setting, the overall expected response to excess cy-tokine accumulation would be increased bone turnover.
We have shown that the high turnover bone lesion of uremic hyperparathyroidism is characterized by abnormal cytokine accumulation within marrow fibrosis. Our finding that TGF-ß and IL-6 are prominent within cells of the osteoblast lineage suggests that they may have a direct role in stimulating bone turnover. The results of this study also provide insight into the utilization of immunohistochemical staining of plastic embedded bone sections as a way to investigate mechanisms of bone remodeling in normal and pathologic conditions.
